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sr/opsis 


Eiesis entitled ’Weak Interaction Structure 
Stiidies tiirough ITeutrino Reactions cit_ Iligli 
Energies' , su-bmitted by SRIIIIVAS RRISHiii in 
partial fulfilment of tlie requirements _ of the 
Pli.D. degree to the Pep-artment of Physics, 

Indian Institute of technology, Kanpur. 

March 1973 

The structure of the wealc interaction Lagrarigian has 
been a subject of much experimental and theoretical investi- 
gation. The processes v/liich were studied till now were all 
at low energies and small momentum transfers and v/ere well 
described by the local current-current weak lagrangian. In 
the attempt to build a more complete theory of weak inter- 
actions, a. first step vrould be to look for deviations from 
the implications of the local current -current Lagrangian. 
Important results in this regard are the lepton pair locality 
theorems of Pais and Treiman which give cross sections for 
neutrino process :s c.s explicit functions of two lepton system 
variables. These theorems a,re valid to the lowest order in 
the weak coupling conrtant G in the local current theory 
as vrell as in the vector boson mediated theories. 

However, renormalizable models of woak interactions 
have been constructed in which the lovrost order weak process 



is the result of 3, foiirth order interaction involving exchange 
of two scalar bosons. In these models the lepton pair is not 
local even in the lowest order weah coupling. Substantial 
devia,tioiis from the Energ/ Iheorem of Pais said Treiiuaii are thus 
shown to occur for quasiela,stic neutrino scattering. Por the 
angle dependence theorem deviations seen to be cma.ll. 

E^ren when the local current-current Lc.grarigian can 
describe the weak couplings, deviations from loiDton pair 
loce,lity occur due to electromagnetic inter£ictio.iis. Eor 
processes involving emission of a single photon, however, the 
expressions are modified in a definite fashion and the 
cross sections can, therefore, still be given as explicit 
functions of two lepton system variables. 

The theorems giving lepton energy and aaigle dependence 
for radiative neutrino reactions are also viol-rted in the 
scalar boson mediated theories. In this case, since photon 
can couple to the chc'.rgod lines in the box diagram typical 
of scalar theories, deviations from lepton pair locality 
theorems can be calcula,ted without detailed assumptions 
concerning the hadronic weal: currents, retaining only certain 
asymptotic expressions for the time ordered products of those 
currents. Specific values have boen calculated in this fashion 
for the roaction with the nucloon only as the final state hadron. 
Substantial violations of the Enorgy theorem occur but deviations 
from the angle theorem are again small. 
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IITTRODUGTIOH 

Our knowledge of weak interactions seems to Toe at present 

at the threshold of a new phase of activity, “both in experiment 

and theory. The history of this field dates hack to the turn 

1 

of the last century when beta decay of nuclei was discovered * 

The existence of the neutrino was postulated by W, Pauli in 
1933» In 1934 Eermi proposed v^hat is even now the basis of 
much of weak interaction theoiiy- the four fermion interaction. 

The next phase of activity v^as in the latter half of the fifties 
when parity violation in weak interactions was discovered and 
Vector- Axial vector nature of the hadronic weak currents esta- 
blished. In the current phase the main interest is in going 
beyond the current- current theory towards a more complete theory 
of weak interactions. The current res'urgence of interest owes 
a good deal to the recent commencement of operations by the 
500 GeV accelerator at Illinois and also of a heviT generation of 
big bubble chambers. With the expectation of the possibilities 
implied by the proposed neutrino scattering experiments at high 
energies, the structure of the weak interaction lagrangian has 
become a topic of renewed interest. 

The observed weak processes, which are all at low energies 
and small momentum transfers, can be understood in terms bf a 
local current-current foim for the weak interaction Lagrangian. 
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'•off ' ^ '•’x * V’ Wx * 

G- is the weak interaction coupling constant* 

G- = 1,026 X 10“^ lepton ?/eak current 

formed from the muon, electron and the corresponding neutrino 
fields . 


®X = fv,, 'fx Cl - Tj) ^ * \ r^d - Yj) 


is the hadronic weak current containing a vector and an 
axial vector current in a T-A combination and containing a 
strangeness preserving and a strangeness changing part with a 
relative weight determined by the cabibbo angle 6 


h = (Vx - Ax) 


AS=0,AI=:1 


Cos + (Vx - Ax) 


AS»1,AI » 


Sin e. 


According to the remarkably successful current algebra postulates, 
the hadronic currents are assigned to an SU(3) x SU(5) algebra 
and obey the G-ell-Mann commutation relations 


-^ob^y) ^ 

The main shortcoming of the current -current lagrangian 
which precludes consideration of (1) as the actual field 
theoretic lagrangian rather than a phenomenological lagrangian 
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is tlie non-renormalicalDility of tlie four fermion interaction. 
But a phenomenological lagrangian cannot he valid at all 
energies. The four fermion interaction, therefore, violates 
unitarity at sufficiently high energies as pointed out by 
Heisenberg soon after Bermi's proposal. This can be seen 
easily by considering the reaction 


Bor energies large enough, the lepton mass can be 
neglected. The differential cross-section then is 


da 

d 



P 


2 

cm 


where p^^ is the centre of mass momentum. With the usual 
partial wave decomposition, this corresponds to a pure S wave 
scattering with an S wave partial amplitude 


<X 3 X 41 t '^1 X^X2> 




where x’s are the helicities of the particles involved. The 
requirement of unitarity of the S-matrix implies the condition 


|<X3X4 iT^I X^X2>| < 1 

This limit is violated for sufficiently large values of 
This will be at energies around 350 GeV, the so called 
unitarity limit. 




'The main effort in weak interaction theory, therefore, 
is directed tovrards obtaining a Lagrangian which would give 

L „„ in the apuroximation of small values for the kinematic 
eff 

variables involved. The simplest such model is one in which 
an additional vector field is introduced, 

i-v ' s Wx> 

For energies and momentiim transfers small compa,rcd "with the 
mass of the W boson, this leads, in the second order, 

to the same matrix elements as familiar weak 

processes, if the coupling constant g and the mass are 

related to the weak interaction coupling constant G- by 

G 

f2 

A simple vector boson mediated weak interaction theory 
is not renormalizable either. So there were various attempts 
to construct a renormalizable theory of weak interactions 
mediated by vector bosons. One such Vv'as the Gell-Mann, 
Goldberger, Kroll and low theory in which scalar bosons are 
introduced with a gradient coupling so as to cancel the 
divergences for the so-called non-diagonal processes. But 
the GGKl model is not renormalizable either, the divergences 
merely being transferred to the diagonal interactions. Another 
attempt is the strongly interacting intermediate boson theory 
of Marshak, Okubo and coworkers^ in v/hich the assumed strong 
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interactions of the intermediate boson proTide a ’natural' 
cutoff at A = 

The most promising and elegant formula.tion of a vector 

boson mediated weal interaction theory is in the framev'-orh of 

the Gauge theories. Such a theory of leptonic interactions 

4 

was originally proposed by Weinberg and by Salam. . In such 
theories, a neat unification of the weal: and electromagnetic 
interactions is also achieved. The current resurgence of 
interest in these theories follows t'hooft's v/ork concerning 
renormalizability of the Gauge theories. At present considerable 
attention is focussed on- proving the renormalizability of such 
theories and also in extending the theory to interactions of 

5 

hadrons . 

In the present vrork, our main concern is with another 

class of theories, the theory of w'eak interactions mediated 

by scalar bosons. It was originally pointed out by Kummer 
6 

and Segre that models of wealc interactions can be constructed 
in which the current-current interaction is obtained in the 
fourth order of an interaction mediated by scalar bosons, A 
later version of such a theory is due to 11. Christ'^. These 
models described the leptonic weak interactions neatly, could 
describe the semileptonic reactions also, but encountered 
trouble in the description of non-leptonic reactions even in 
the simplest versions, the main stumbling block being the large 
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parity and strangeness Tiolations. Patil and Yaisliya could 
ameliorate sucli troubles tlirough. introduction of different 
coupling constants for the coupling of the leptons and the 
hadrons to the scalar hoson, Ihe most satisfactory formulation 
of a scalar hoson mediated weak interaction theory, however, is 
due to Y. Gupta and S.H. Patil^, By assuming different coupling 
constants for the leptons and hadrons to the scalar boson, assi- 
gning octet transformation properties to the hadronic scalar 
and pseudo scalar currents and formulating a universality 
criterion to determine the various coupling consteaits, Gupta 
and Patil were able to formulate a model v/ith the least possible 
number of new particles and do away entirely v^ith exotic 
hadrons and other miscellaneous particles which plagued earlier 
theories. \7e have mainly used the Gupta-Patil model as an 
illustration in calculating results typical of scalar boson 
mediated theories. We give in the next paragraph the lagrangian 
of this model. Further details regarding the scalar boson 
mediated theories are relega,ted to the appendix A. 

The Lagrangian of the Gupta-Patil model is 


= g+ W" {(82 - Pj) Cos 0 ^ + (sj - P3) Sin 6^} 


O O vO 


* g w- I l; (1-Y5) V . g- I l; (1-Y5) 

)t=e,y ^ * vT A £=e,u 
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Here ¥ are heavy scalar intermediate do sons j 1 


and are charged heavy leptons, and P* (a,p = 1,2,3) 

are scalar and pseudo scalar hadronic currents, The are 

also the sources of the nine pseudoscalar mesons containing 

the octet etc. Phe third term couples the hadrons 

TC°, n° a.nd X°, ’which act as the ’neutral intermediate bosons', 
directly to the leptons. The fourth term is the SU( 3) -symmetric 
strong interaction of the pseudoscalar mesons \/ith the hadrons. 
Further, g^ = ^2 is the pion-nucleon coupling constant. 


g, g+g^ 


g^ j 


and 


( 1 .. e 

47 ^ 2M^ y2 

The charged heavy leptons and the heavy scalar intermediate 
bosons are assumed, for the sake of simplicity, to have the 
same mass M, 


Our emphasis in subsequent chapters is on the implica- 
tions of the local current-current lagrangian, deviations from 
which may give unambiguous clues towards a more complete theory. 
In Chapter II we describe the lepton pair locality theorems 
of Pais and Treiman which obtain cross-sections for neutrino 
processes as explicit functions of two lepton system variables, 
assuming a local current-current weak lagrangian for semileptonic 
reactions. 
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Whereas at energies of aroimd 300 GeV the local current- 
current effective lagrangian v/ill not "be sufficient to describe 
the weak processes, at energies of around 40 - 50 GeY , presumably 
only loi'rest order terms in G may be retained. We point out in 
Chapter III that only in scalar boson mediated v/eak interaction 
theories, violations of lepton pair locality theorems occur to 
the first order in G. We give numerical estimates of such 
violatioi'.s for the quasi-elastic reaction and discuss troubles 
encountered in calculating such violations for reactions with 
additional hadrons . 

Even y/hen only the lowest order weak processes are 
dominant*, violations of lepton pair locality theorems will 
occur due to electromagnetic interactions. In Chapter lY, we 
show that for reactions in which a single photon is emitted, 
y^hich are reactions to the lowest order in wealo and electro- 
magnetic interactions, the loca,! current-current weak lagraigian 
still implies explicit dependence on lepton energy and angle 
variables. The expressions of Pais and Ireiman are modified 
by addition of well-defined terms. 

In Chapter Y, violations of lepton pair locality theorems 
for radiative neutrino reactions occurring in scalar boson 
mediated weak interaction theories is discussed. We point out 
that in contrast to the violations of the Pais-Treiman theorems, 
violations of the theorems for radiative scattering can be 
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calculated independent of the details of the Y;eait currsnts 
of hadrons, 7fe give a formal estimate of such violations for 
radiative reactions with an arbitrary hadronic system in the 
fine,! state a,nd consider reactions v/ith only a nucleon in the 
final state in greater detail. 

Ill the final and concluding Chapter, vve have some 
comments on some related topics, 17e point out the possibility 
of calculating violations of lepton pair locality theorems 
due to higher order interactions in vector boson mediated 
theories in the framework of the spontaneously broken gauge 
theories. We also discuss possible violations due to weak 
resonances and presence of heavy leptons. 
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OILAPTER - II 

lEPIO E PAIR LOCALIIY HiBOBEIvIS FOR liBU'IRIiro PROCESSES 

Tlxis ciiapter is bassd mainly on a paper by A. Pais 
and S.B, Ireiman entitled, -'Ilie full content of lepton pair 
locality in neutrino processes" . In probing tlie structure 
of weak interactions, lepton pair locality theorems are of 
considerable importance. Pais and Treiman have shown that 
explicit expressions for lepton energy and angle dependence 
of cross-sections for neutrino reactions can be derived as a 
consec!_uence of lepton pair locality. Their results are 
expected to hold to the lov/est order in weak interaction 
coupling constant in a local current theory and also in vector 
boson mediated models of weak interactions but are violated, 
as vre show in the next chapter, in scalar boson mediated 
theories. 

Earlier tests for locality involved either averages 
over the lepton polarisation or fixed lepton helicity. Besides 
these tests vrere of the ’ ouasi two body* reaction involving 
averaging over all variables of the hadronic system except 
for its invariant mass. In the Pais and Treiman version an 
arbitrary number of particles in the final state may be involved. 
Besides, the theorems may be derived either for specific 
helicities or for averages over polarizations. 



11 


A neutrino or antineutrino scattering p^rocess with, n 
hadrons in the final state is considered. 

v^C v^) + 1 h.| + • • • + hj^ +1(1) (1 ) 

T here is the target which may or may not he o, single nucleon, 
let q_^ s P snd q _2 he the four momenta of the initial lepton, 
target and the final lepton respectiTely and p^ . , .p^ he the 
momenta of the final hadrons, The cross section is a function 
of 3n-1 variables. Pais and Treiman work in the rest frame of 
the final state hadronic complex. We choose to work here in 
the laboratory frame ( p = 0 ). Of the 3n~1 independent 
variables three are chosen to he 

(1) E, the laboratory energy of the incident neutrino 

(2) t = ( 0 . 2 “!-]) squame of the momentum transfer from 
the leptons 

2 

(3) 0 = (p^ +• • + Pj^) the invariant mass of the final 
state hadronic complex. 

We define 1 = q 2 “li ~ 0-2 -1 * choose the 2 

direction along I , the y n.xis along 1 x Q where Q 
is some vector of the final state hadronic complex and the 
X axis along ( L x Q ) ;c 1, Purther let 0 he the angle 
between the x axis and the projection of JT on the xy 
plane , 

S, t, s and 0 are chosen to he four of the 3n-1 
independent variables. The rest of the 3n-5 independent 



variables are coiistructed out of tlie n laoraerita . .p^ of 
the final state hadronic complex. The n Imclronic vectors 
P '1 • • have independent components. Energy-momentum 

conservation restricts iiieir simi P = P-j +P 2 "*'* • +P-,^ ho he equal 
to q^+p-q^. Further one vector 1 ox the hadronic complex 
is constrained to the xs plane. We hove, therefore, in all 
five constraints. There are, therefore, 3n-5 independent 
variables internal to the final state hadronic complex. 

The matrix element for the neutrino scattering process 
v/ith the phenomenological lagrangian is given by 

^fi = ^ ^5) > 

where is the hadronic Y-A current and a is the final 

staiie hadronic comples:# 

1I10 di_Lf ercniial cross seciion aireragcd OTor all ilie 
hadron and leiDton spins is 

d» . t"'' da 

vmere aa is the phase space element (details in appendix B) 

and 

spins 



•The crucial ohservatioii is that the hadronic factor cannot 


depend on or except insofar as the ha.dronic momenta 

are related to the leptonic momenta through the orerall 
conservation lav/. Thus T can depend on L hut not on 

h. The dependence of the cross section on h is, therefore, 
only through . iJor; the four vector IT has two constraints 

IT = ~t + Tm^"" and = m^ . Therefore, tv/o lepton variables 

can he chosen such that the cross section dependence on them 
comes throu^ the IT terms in x only, 7e choose these 

liV 

two to he E and 0 . The components of IT and 1 are 
(appendix B) 


h = h = ° 




L_ = 


z m,. 


IT 


(l2-tm/)V2 


j = -JL 

■"o m- 


Y v/here 




IT = n Cos jZ5 F = n Sin 0 F = 




mj^CY-'-tm,/) 


F 


Y^ + 2BY 


and F = 2B + 1 
o o 

where n^ = t-2m^^ 



CtF 


o 


+ m 


1 



F L 
0 o 


] 


The dependence of the cross sections on E and 0 is obtained 
by substituting for the components of F and L and multiplying! 
by the appropriate phase space factor. Ife state the results I 
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"belov;. 

The Enei’j^y Tiieoreii s The dependence of flie dif lerenfial cnoss 
section on ilie enengy of "blie incidenij neniji'ino io given, afisn 
integrating over the rest the phase space incliiding the 0 
domain hy 

_a!f_ = l: A + BE + 0 1 

dsdt 327tmj^ E 

where A, B and 0 are fnnctions of s and t only. The 

11 

energy theorem was first derived hy Lee and Yang 

The Angle Theorem ; The cross section integrated over all the 
final state variahles except 0 is given hy 

— — = a Cos 20 + h Sin 20 + c Cos 0 + d Sin 0 + e 
d0 

The above results are with summation over all hadron and lepton 
spins. Similar results can be derived for reactions with 
definite h el i city. 

This explicit tvro variable dependence is, according to 
Pais and Treiman, the maximum content of lepton pair locality 
since regardless of the complexity of the final state, there 
will never be more than two variables whose dependence is 
explicit , 
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Tho results, as is obvious iron the derivation, are 
valid in the phenomenological current-current theory and also 
in any model in v/liicli weak interaction to order G- occurs 
throu^ a single particle exchange. 
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GliAPTSR - III 

TESTS FOR SGALAR BOSOI1 MEDIATED WEM. IHIRRAGIIOIT THEORIES 
III HIGH ERERGY ITETJTRIITO SGATTEEE1'I& PROCESSES 

Search, for a boson mediating weak interactions started 

soon a,fter Ynkav/a' s hypothesis of an intermediate boson for 

weak interactions in connection with his meson theory of 

nuclear forces. Successive experiments have not discovered 

any such boson, the current lower limit for the mass of such 

1 2 

a boson being around 2 G-eV . A straightforward test for the 
scalar or vector boson mediated theory would involve detection 
of the intermediate boson and tests to determine its spin and 
other properties. Experimental searches are currently underway 
at the nev^er accelerators for the intermediate boson. But 
considering the large mass and decay rates such a particle is 
expected to have, these experiments may not succeed in 
unraveling all the information about these particles. Besides 
a conclusive test for any of the theories would involve more 
than detection and tests on the boson. Scalar bosons and 
heavy leptons, for example, are necessary components of more 
than one kind of theory. ' Indirect tests of a definitive nature 
are, therefore, of considerable interest. Such tests may also 
help in establishing the validity or otherwise of the theories 
at comparatively lower energies. This is a very important 
consideration, since in most models, the mass of the boson 
can be pushed without too much effort to values above the 
experimentally accessible range. 



1 3 

Ono sach tost is tlie observation by Mani and Yaisliya 
that Adler’s theorem, for the conservation of the vector current 
is v^iolated in sealer bosen media-ted tlieories. 

11 

Adlor Jiao shown that for inelastic AS = 0 neutrino 
rtjaction 

+ a 3 + 2 

where o: and >3 are hadrons, the conservation of the hadronic 
vector current implies absence of parity violating effects in 
the parallel configuration in v/hich the four momentum of the 
outgoing lepton is parallel to that of the incident neutrino. 

In the Patil-Vaishya version of the scalar theory, for the 
reaction 

Vj^ + n->p + J!-+n° 

with a sca,lar boson of mass 6 GeY parity violating effects of 
the order of 10 per cent wore shown to occur for neutrino 
energies around 10 GoY. 

Iji subsequent cections of this chapter wq consider a test 
for the scalar boson mediated wcah interaction theories which 
invcjlve observation of deviations from the enplicL t tvro variable 
dcpcndonco of cross section obtained as a consequence of lepton 
pair locoJity by Pais and Troiman. 
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3.2 LEPTON PAIR LOOALITI THEOKEIdS AiTD THE SCALAR BOSON 
IfflDIATEL WEAK’ IlTTERiiCTION PilSORISS . . ‘ 

The charac'-eristic roature of a scalar ho con mediated 

» i 

weak interaction nodel ir; the exchange of tv/o particles to 

, I 

l * * 

produce the lowest order weal; process* Even to tlie lov/est 
order in 0, therefore, the lepton pair is not ’local' in the 
sense of Pais and Treiracui, in that the lepton pair does not 
emerge from a single point in the Peynman diagram. A deviation 
from the explicit dependence on lepton pair variables as given 
by the Pais-Treiman theorem is expected in a scalar boson 
mediated tlieory, whereas such deviations would occur only to 
higher orders in a vector boson mediated theory or with the 
four fermion intera.ction. Whereas the higher order processes 
necessarily should become very important at energies of around 
300 (loY, at lower energies of 30 - 40 GeY, the liigher order 
processes are not a compelling necessity and may not bo 
obccrvable. Eurthc-r the electromagnetic corrections which may 
also bring in such effects ca;i occur to order Ga and, therefore 
w'ill be of thvo order of ono per cent. Thus a test for the scalar 
boson mediated weak interaction theories would bo to look for 
dowiations from the explicit dopendonce on lepton variablos as | 
obtained from an. assumption of locality, at intermediate energies^ 

i' 

In the next section we evaluate violations of the energy 
theorem for the quasiolastic process. In section 4, we estimate [ 

s 

violations of the angle theorem for a simple inelastic reaction. | 

i 

i 

i 

I 
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In section 5 we consider possibilities of siich evaluations 
for otlier inela.stic processes. 

3.3 VIOLAIIOTT 01 THE EIIERG-Y EEPEIIESECE TlEOmi 
Wg considei t>io quasielastic process 

^yCqi) + p(pp u'^(q2} + nCp2) 

Wo calcvl:-ite bhe cjitplitiide for this process in a siraplified 
version of the GuiDta-Patil model in which the hadronic scalar 
and pseudo scalar currents are composed of the nucleon fields 
o^jly and further consider only the lowest order diagrams. 


The amplitude given by the box diagram of figure 1 is 


2g^ Cos 6 _ ^ q 

v(q.) Y v(q2} / O') 2 2 ^ 2 

C2ir)^ Cq - wn[(q-q2) 


{Y.Cq+Pi-y - 

X u (P2) -2 27 CI-Y5) u^CP2) 

[(a + p^ - L) - 


vdioro y is the macs of the pseudo scalar meson and m^j is 

the mans 0 ;; the nucleon. In subsequent steps we retain only 

terms v/hich v/ould give rise to additional JT dependence to 
1 

Older . Thus 

2g^ Cos e , . 

T = — ^vCq;^) Y Cl-Y53v(q2) “j^CPg) 1 ^Xa 

i (2^3 


where 
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^ ^ 

Cq^-U^) [(q-q2)^ - M^3 [Cq + p^ - L)^ - r^,] [(q-L)^ - M^] 

= 6 /^ x^y dx dy dz f ,1.. - 

0 (n^+2.-;.p+s+iG)^' 

+ 2q.p + G = [ (a-q^_)2 -M^ + [( ^1 xy( ^ “z) 


+ ( q.^'- ) x( 1 -y ) + [ ( q+p^ -I ) ] ( 1 -x) 

= q'‘+2q. C ->q 2 xys + (p^ -L) ( 1 -x)-Lxy( 1 -z) ]] ~M^xy 

+ txy(1-z) - x(l-y) +II (1-x) 


/ 


(q^ + 2q.p+s+ie)^ 


- 2 g- 

nr {_^£_ 
12 p^-s 


(p^-s)^ 


2 2 

p - 0 = M'xy -2q2.p^xyz( 1 -x) + other terms 

2 

= n xy - N.p^ x(1“x)yz + other terms 

CoorCicloiit of s in I is 

Xa Xa 


. 21 ,^ 

■2^ / x ''7 d-rdy dz ?: ^ 

® [] M'^xy-h.p.. x(1-x)yz+ othr^r terms 3 


im 


O ^ 


x‘‘'ixydydz 


M^xy 


h.p^ (1 -•x)z 

+ j — 4. other terms 


1/3 


xy 


. 2 

lit 


1 


^ M 


F. 


+ 


P^ 


^ 1 2 M^ 


retaining only terms of 


interest. 

A more careful expansion is perfoimed in appendix C. 
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Similarly only tlie p. il term in p, p is retained in 

' A or A a 


the 80 coni term. 


r.. 0 


/r2 Xa 


+ ) + ^ 

ear sir 


Suhstitating in T v/e obtain 


G Con 0 


£ i'' 


n.p^ 

iig,_ (1 + —1 ) + 


whore 1^ = v(q^) (1- y^) viq^) 

1 = 0- Y5) VPp 


(471;)' 


^2 n/~,r^2 


i: |il 

sninc 


G- Gog 0 

2. (1^ f ja 


ra’ 


K.p. . 

XCJ X'ct» 5]y[2 a IX 


The cross section is giTen for t<<ai by, again retaining 

!T.p^ 

terms of the lowest order in — p~ j 


( \ - n + (— ) 

where ( )g^ is the differential cross section calculated 

in the scalar theory and ( the differential cross section 
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SalDle 1 ; Violation of the Theorem of Pais and Treiman 
in Scalar ho son theories of Weak Interactions. 

t = Constant < < 


I.Iasn of the Scalar Laboratory Energy of 
Boson the Neutrino in GeV 


X 


10 OeV 


15 GeV 


20 GeV 


10 

12.5 

20 

25.0 

30 

37.5 

50 

62.5 

15 

8.3 

30 

16.6 

45 

25.0 

60 

33.2 

20 

6.3 

50 

15.7 

75 

23.4 

100 

31 .5 



in the cjurrent-current theory. Percentage violohion of the 
theorem, x, defined hy 
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X 



da s 
ut”^3I' 


- ( 



( 


do X 
dt ''CC 


100 


is shov/n for various energies and different masoes of the 
scalar ho son in fahle 1 . We notice that substantial violations 
0 > the locality theorem occur at energies much smaller than 
would be required for the production of the weah bosons. We 
would liho to point out again that such large violations occur 
only in theories in which the lowest order weak process occurs 
through a fourth order interaction, itirther, radiative 
corrections which would also induce similar effects are expected 
to bo of the order of 1 per cent or loss. 


3.4 VIOLATIOH OP AI101S TliSOREII 

The angle thoorem is nonexistent for the quasielastic 
reaction, there being just two independent kinematic variables 
(E and t voltb. otir cuoioc). Wc need at least one additional 
particle in tlio f'ua'^ state. To evaluate violations of the 
angle theorem we considered a simple illustrative example 

/ Hh O 

v+p-»n+y+ri 

Diagrams contributing to this process are shown in figure 2, 
Diagram 2(a) does not contribute to the violation of the angle 


[ 
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thcorora, niiice in bhirj cane bhe only hadronic momentum occurring 
inside the q-integration hox is , Additional terms from this 
diagram, bltorefcre, contain which is iiiO.ependent of the 

ari^jle 0 . In the case of diagram 2(1), v;e find that terms 
involviriig h oociir only as coe^'Ticients of 1/IJ^ in the ampli- 
tude. The contrihution of these terms to the violation of the 
angle theorem is, t^iorefore, negligihle. Ihe diagram 2(c) does 
contribute to the violation of the angle theorem through terms 
lihc IT.k, But in this case, at the energies and masses we have 
connidorod (Cf, fable 1), we find violation of the theorem to 
bo of the order of 5 per cent or less (appendix D). Therefore, 
measurable violations of the angle theorem do not seem to occur 
in the scalar-boson-mediated theories. 

5.5 II'IEIASTIC REACTIONS 

I*iolri!i3tic processes involving moro than one hadron in 
the final, state do not, in principle, involve any substantial 
modifioabionc. But actual calculation roqiiires a specific 
model for the hedronic pseudo scalar and scalar currents coupling 
to the fsoular boson. The violations, therefore, can be evaluated 
only in a specific model of the strong interactions. As an 
illustration wc cousidor the; single pion production reaction. 

^3(1-1) + ?(?-!) P(P2) 7 t^(k) + l“(q2) 

In this case in addition to diagrams similar to figure 2, an 
additional diagram 3(a) has to be considered. This is demanded 



2 



Figure 3 
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by the need to liiaintain OVC to each order in perturbation 
theory. But tiiio clia^ara may or may not contribute additional 
terms denondirp" on the structure of the vertex. A simple 

point VGi’t-.’Xs -1,0 ill Piinrrc 3(b) . leads to no ’.mdmon nomento, 
in the i| lnuO,';i-ration box raid, therefore, ro additional IT 
terms art'T 'uno q intoemtion is xierformed. Assuming a scalar 
particle ooupliny to % anci r Iso tcW, a,s iji Pi.yire 3(0), also 
leads to nc; additional II dependence to the required order, 
since the integrals o,rc more convergent and additional h terms 
occur only to order 1/K^. On the other hand, if the hadronic 
pscudocoalar and scalar currents are constructed from Fermion 
fields only, diagrams like 3(d) will contribute additional 
terms containing h to order 1/M^. 

I'.i the o-bsoncG of a reasonably general and model 
indnpcnd-’nt approach, any further detailed calculation of 
inolo.3tic x'oactlons docs not seem to be of interest for the 
pres 'Jilt, 
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CHAPTSR - IT 

LEPIOTf El ffiRGT AMD AI'TG-LE DSPEJ^IDSl^CE IHBOEEgJS 
x^OR .HARIAII TE I fl UUIRIITO S C AITSRIITCt 

In the) ]a8u chapter, wo connidered the lepton pair 
locality thooramo of Paio and Iroiman and deviations from 
tdcr.c rer.i-ilts in .scalar "boson mediated weak interaction theories, 
lihron v/hoi'j. tho' local current- current form for the weak inter- 
action la. ';ran({ian is valid, 'non-local' violations of these 
■theoi’emc ocor.r duo to electromagnetic interactions. However, 
it can hi'; n!iown tin.t for processes involving emission of a 
single X)hoton, vdiich involve the weak and electromagnetic 
prococr.cr: in the lowest order, explicit expressions for 
depoTidcncc oj' cros.s .section on the lepton energy and angle 
v.ariahlcfj can still be obtained as a consequence of the current- 
current form Cor the \/cak interaction Lagrangian. Expressions 

of Pain and Iroiman for dependence on these variables are 

-1 ^ 

mod.iriod ivi a dcfi-iitc fashion' . 

4.2 KIirSMIICS 

Kinematics is similox to that of the Pais~Ireiman 
thooromo. '.7c con.sidor the process 

\(q-|) + p(p) 

v/hci‘6 a(P) is the final state hadronic system with total 
momentum P, Wo work throughout in the laboratory frame (p=o) 
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and talio nar.G of tlic lepton equal to zero. As "beforo, we 
defino I == ^ ~ 12'*''^ 1 • cAoose tlie z direction 

alon, " ii , bhc y-a’'..in aloiiif; Irlc ;uid the x-pjciB along (lxt;)xl. 
Furtl'icirj let 0 ho the anglo betwoon k and the z-axis and 
0 bot^.'O'Ui the ^-auis o-ncl tnc projection oC 11 on the zy 
piano. If tiioi'i’ rare n particles in the systeri a , we will 
need in .'ill variables bo describe the scattering process. 

Some of tliori arc chosen to be 


1 . 

iS, bho laboratory energy of the 

incident neutrino 

2. 

The* angl.n 0 as defined above 


3. 

p 

i “• (dp-qj)" f the square of the 

momentum transfer from 


i.hf; leptons 


■i. 

o 

w ™ P' stjuaj*e of the invariant 

mass of the final state 


hfuironic c;omplox 


r" 

J • 

n (>: +■ P)^ and 



6, the onorgy of the omitted photon. 

Thu remaining 3n-4 variables arc internal to the system a 
.and do nob concern us hero. 


Thr components o.f IT arc given by similar expressions 


IL 


2E + L 


0 


ii 


„„J r + 2tmj^ J 

mjjCY- - 


II. 


y 


II = n Cob 0 whore n"^ = t(1 - 

IXI 






11 Sin 0 
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4. '3 IIviPLICA^IOJJS 01" THE LOCAL CURBElTT-CUfffiEEi LAGEAl^GIAL 
FOB BALIA'DIVE iCETITRlTjO SCATITERIiJG 


Tlic amplituBec I'or the process are 




and 


oG 

n 


e’' (1- Yp) 


Y/, 


Y«(h+q2)+ 


v(ci2)<alJa 1 p> 


g^O?) :: £9: eV 
V :: 

v^ore a 


v(q,-j ) Y® Yr) vCqg) 


ya 


y 'T 


i / d^x <al/[ (x) (O) ] 1 p> 


O.'iu^jo inv.'\rianco of the sum of these can he checked. On replacing 
hy 'k^ , hecomcs - ;~v(q^) (1- Y^) v( q 2 )<a I 1 p> 

and hocomeo ^ v(ci^ ) y'' (1- y^) v(q 2 ) <alJCT|p> since 

1/ 2 


^ II 


prr 


- <a|/ah nj^ (5’°)’ 

+ divergence of see, gull terra 

< « I jJ ( 0 ) i P > . 


Cquarin/j tiic m-iplltude and summing over spins, we have 


o 

Ell’i*- 


Cl ' 4. T"" 


XfJ rp1 ^ J 

-^aX 2 ^cX 


V0X 


+ h. c) 


p2^2 

G ^ e_ _ 
^1^10 


...( 1 ) 


vdicrc 


ot 3 

(llX ^ 'll ^ 


IXo h.lg 



J <_ 


’^ 2 . 

= -('11X '1 2c ■" 

^2X ^1c 

‘*'^^aBXa 

a 

<12 

4^ ) 

9 


'^Xav 

_ 1 P O^. 

F.q_p L '- ' 2v 

(q.1xl2a^'i2x'llcT "’2- 

1*^-2-X0 

4-ie 

a^Xc 

a 

(12 

4?). 


+^1X^’ 


^p-k.q 

x'^2a 

■'^2X®va 



^ ^1vO'x 'loa 

+]c« (] oS 

Xc 

-‘12 X 






Sxc’ 


(kx 

'l2v 





+ 12. + ^»%exvll“ 4 ^ ^-12 '-Xa 'll 

+ 'aBffx'l”‘^2 ’*' Sxa ''' ci 6 y'''^ 1^*‘^2 ■'^2X '“6^0 

q? k® +gv xSsyo ll" 4 q.^ 

+qv''?. 'aXvok“+qio '‘cilivx^'^'*'l2 ''' '^1'’ '"“6X0^ 42 

d 3 \ **1 

+ >'.ai Svla‘12 ■" 'lixSsvo '32 '' ^ J’ 


2 < alJ?(0)lp> <ci1jJ(0)1p>'^ . 


irpinn 

I<!v,X (”p'n' S’“‘' 


'x'ycx = (‘'VC <q|Jx(o)lp> • 

now, <alj'J(0)|r> and are) 

the photo ri and the hadrons in oc 


functions of the momenta of 
i and depend on the lepton 



momerJ'a. onJ y the conctraints imposed loy four raomeiitum 

consoirvation. fheco, therefore, are functiono of L hut not 

N v/}iLch impl.lcrj tlicy ri,re independent of the tvvo lepton variable 

B and ^ riJneo II as hcforo has two constraints = -t 

and W*T) = 0. flio dependence of cross sections on E and j25 , 

1 ? 

therefore, come through the lepton tensors ’ ■ and . 


IntO';rii,tiny (1) over the variables of the hadronic 
syr. fcein and also p , the differential cross section is given 
an a function of E by (please see appendix C for details) 


do 

dndtdv.'dlfQ 


1 

^ E-E' )2-t 


P A.E^ +B.E^+C.E+D. - 

AE"^+BE+G+ ^ -T -T p 

(PE'^ + QE + R) - 


( 2 ) 


p, Q 
p = 

' Q - 
R 

where 


aiid R arc given by 
m,_jt Sin'* 0 + (X~Y Coo 0)^ 

■4r Sin^ 0 Y + (X-Y Cos 0) ( 2X1 - (X^+Y^)Cos 9) 

****^ i I 

t*" Gi3i,^ 0 + (2XY - (X^ + Y^) Cos 

* i' X » 

411.^^ 

Y ^ + t-s) and X = (Y^ - t)^/^ 


] 


If in!;c,'tcat j/uis ore performed only over the variables internal 
to tho hadronic system a , v;e have the 0 dependence theorem 
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(! a 

dsdtclv/di:, cl0 

0 

1 

E[ (E-E'T^^^TJ^ 


a Gog 20+ b Sin 20+ c Goo 0+ d Sin 0 + e + 


a-|G 0 G 30+ Sin 30+ c-jGos 20+ O^Sin 20+ e^Gos 0+ f ^ Sin 0+ 

( q + r Gos 0 ) 


...(3) 


a, b, a-| , , ebc.; are functions of s, t, w, and E, q 

and r ai’c given by 


'•I 


2E (X-Y Gog 0) + >4“ f 2XY - (X^' + X^) Gos 9 1 


Sin 0 


■IT 

(~tm|j) (4inT<r^ E^ + 4 YE + 


‘‘I'l 


■IT' 


1/2 


Expronnions (P) ouid (5) have been obtained assivjing a local 
ciirront-cur'i'ont form for the v/eak interaction Lagrangian. 

ThoGG roonltr also hold in vector boson mediated theories of 
'vvoak interactions. Even tho'u.gh the lepton pair in a radiative 
proGGLiG ic not '.local*, tho non-locality is of a specific form 
since tbo ol"otroniagnotiG interactions of the charged leptons 
are knov/n. By a*,i .'ipproprlate choice of kinematic variables, 
therefore, ■the dopondonce on the lepton energy and angle can 
bo made exiJlicit. 
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CHiPTER - V 


VIOLAT TOh ()!■' LSRL'OJ PAIR LOOAI.IgY THBORELIS FOR IL^IATIYE 
MTRri'IO .5CA ^.;PERIlJ^. SCALAR THEORI SS OR miK IRTERACTIOJTS , 


J. ii ':oj),t;Tn,r'. i: '/iolationc of the Paic oiid Proiman 

thoor-yir; for noiitrliuj rcactionn, violations o;C the theorems 
for radiafciV'; nt?wtri'Lo reactions derived in the previcas 
chapter orm b(. ca '.fM.l ited in scalar hoson nodio,ted models of 
v/'-ak .Interact j.onn iiHlopondont of the details of the weak currents 
of hadro.'in, re taJ aiji/'; only some asymptotic expression for the 
product of tl'.c hadr'.'nic currents. This is possible essentially 
■bocaur.o the p?i,()ton can couple to the charged lines of the box 
ciiati'«'um typical of tlio scalar models. In our calculations we 
anrnimc ilu,’ box integral x’oeeives contribution mainly from the 
hi, di region ■unJ retain the BJorken limit for the product 

of Lho luiuronic :l:o.. We can thus obtain additional 

raomtni’jum depondenco arising from a scalar boson mediated weak 
j.ntoraction struc':uro for a radiative noutrino scattering 
process v/ith an arbitrary hadronic system in the final state 
in toroi.o of motrix clomonts of physical vector ond axial vector 
currijuts. This oo.nntitutes section 2. In section 3 we obtain 

ntimcrical values for tlio reaction with only a nucleon as the 

1 7 

final state hadron , 

5.2 THE REACTION v+p - o +y'^+Y 

Diagrams contributing to the process 
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v(a^) + p(p-,) - a(p) + / (q^) + y(v) 

v/horo a(p) in aii arbitrary Jiadronic oystein are olio mi in 
Pif^iiro 4-. Wo co'inirior .tirct Pignre 4(a). Tlie amplitude is 


( 1 ) 

fi 


4 Ur 
-ej: 




y •(q-Ci2)+M 


( q~q g-ic) ^ ( q-qg ) 


(1“ ’'/•(qg) 7~T 


( q^~ 1?) [_ ( q-k-L ) ][ 

y. f rA < a |tEp](x) r(0) ]1 P > 


...( 1 ) 


where j”= (s;j^ - Pp Cos 9^ + (S^ - Pp Sin 0^ 


Assuming the contribution to q integration comes from high 
q^^ values wc retain the Bjorken limit for the time ordered 
product. For equal time commutators of the hadronic scalar 
and pvscudoscalar currents, the quark model conmiutation 
relations are asru^med to hold in the Gupta-Patil model. Thus 

/ aS: <t;|l'C;l(:c) r(f.'):ip> ^ <ct|J0 (o)|p> 

q 

where - A^p ) Cos 9^ + (Y^^- A^^^ ) Sin 9^ 


The box Integoral in (1) can no?/ be performed. Retaining the 
terms to order 1/M'^ , m have 


T 


(1) = 
fi 


Go 

T? 


(- 1 -) v(q ) y^(l-Y^) vCqp) <a|j‘^ 

i8ir ’ 

^ Sxa 


|P> 


^ gyx )• 




5S 


Amplituclofj co».Teripondin^; to the other diagrams in Figure 4 
arc ciniilariy eYoJiiatecl. The corresponding omplitudes a.re 

(2) ^ 


T 


fi 


Go 


-At r.^ <a|j'^'~|p> (g f-T -I- g h ) 

pij' ' vX a Xa u 


Id.J'l 


,n(3) 

^fi 


21 




^ d'’ <alJ^ |p> t v(u. ) yVCk-Hp^) 


PJT 




X Y (1-Yr.)v(n2)<«lj'^~|p>(g^0 (1+ - --A^ ) 

0 ^ A0 


and 


m(4) 

■^.fl 


1'- e’' !1 , 

fP. 


Where = i / A <alT(J®“^ (x) J^Co) )|p> . 

For any epccific hadronic system a(p) , explicit expressions 
for <aiJ{’ 1 p> and are needed to evaluate the non-local 

effects. Those arc the experimentally obtainable matrix 
elements of the physical vector and axial vector currents of 
the hadrons. 


Wo have ootimoted the contribution of additional lepton 
momentum tomo for the process v -h p - n -i- A y. 

5.3 maiERICAL VALUES FOR A p - n -t- + y 

The matrix elemoats needed for this case are 

and 

<nlJ^“^^ (0)1 p> = u(P2) (P2»Pi) ^(P^) 
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Wh-QTC 


X ( Ho >1'-| ) “ 


+ ioxv (Pj-Pi)'' + YXT5 

(P2'“P'] )x ''^5 ) 

with r- Po-P-j • 

For I<Iyx <.!(‘-nri('or only tJie inriertion of tlie nucleon 

intcrrnGdin.i.f; ctuteo lotweeii the weak and electromagnetic currents 
It is, t:i'-rnfora, given ly 

i u- 


M 


V X 




^ - 0 k^ ) 
IJ " 2njT 


r^(P2+kjp^ ) 


1 V 

sr ~ 


1 




1)1 T • (p2+k) -lEj^ 

In niunorical evaluations, we have used the following expressions 
for the forra factors (Of. Llewellyn Smith, Ref. 1). 


1 , Tlio Dirac elcctromafoictic isovector form factor 


f); ( 3/) 


p/(r^) - (r^) 


(1- 


r 


4-m, 


2“) 


-1 


aZ (P) - -V sS (rt 


4 mT . 


"N ^ N 

Thf! S.acho forra factors are descrilod experimentally to 

witliin 10 per cent by a dipole fit. 




(1 


.“2 


0,71 


= (1 + ^ - V ^ 


0.71 GeV 
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2 , Tlio Pauli Gloo'broniagiietic isovector form factor 

P/„2. 


2 


Vp I'a (r-)- >■„ 

“ % 

liGSCr") - ] 


( Vp- (1- 




4ni- 




IT 


3. fho axial forii: factor P 


A 


P^Cr^) = “1.23 [l 


2 


(l.34&eV) 




.-,9 


4. The Induced poeudoocalar form factor 


Pp(r2) 


Pj^(r^) 

( raj,j2 r^ ) 


3. /I VIOIiATION OP THE BITERC-Y EEPEKDEIICE TIIEOPYSi PCR 
MDIATTVE SCATTERING 

Additional terms involving higher powers of the neutrino 

energy are add';! to tic results derived aosuming a local c-urrenf 

2 

cur 2 ?c'nt weak Lagrejigian. Keeping only terms to order 1/M 
where 11 is the mass o" the scalar ho son, the expression for 
energy dependence is modified to 


da _ 1 

dscitdv/dk"^' ~ 

^(E-E' )2-t 


Ag + BgE^ + Cg E + Dg 




(Pe2 + QE + R)^/2 


Por reruction with a nucleon only as the final state 
2 

hadron, w - , To estimate violation of the theorem we 
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ovaJ.u.'il;«''c'l nunK'rlorr’ly tluj ratio of the A. '2^ term to the 


dirroro‘nl;i.'uL cror,;' r,of;tion ( 


^CO curreiit- 


!, t and in the 


cv rT* : 1 1 h f;ii')o;r,y mir varLoiio volucs of 

k Inoi I '.tlr; ran{;'G, I'he D.iatter croso section 

^ '^CC oa.Iculatod with only point hadronic weak 

vortiocri. V/c found oubotantial values for the term for 

valiHu; o>‘ juoh that E < 


1 ? 

where LI is the mass 


of iho naalnr liouon, I'hc ratio tales values of 0.6 or more in 
cortnln i: hiomu tic rnuflons, generally smaller values of s and 
t a-Mi'i I'l.r'f'U va.hicn of k^. Some numerical values are quoted 
in r-;. 


A complotf! ca,lc\ilation would involve evaluation of the 

onnir Linrt; ■ on, of each terra involving powers of E to the 

3 

cro;;.-. ncftlon o.nd comparing it with the value of the E term 
exiH'<,:tef! from tl'’* rjcal-'.r theory. She arithmetical labour 
i,nvnlvc*d in such a calculation is tremendous and does not 
sGOir. to be of interest at the present stage. 

’/,roj-A'rrod of the angle depeI'Ilence ihiokem for 

RALlAflVE SCATTERING 

Term.”, involving functions of higher multiples of 0 
arc added to the expressions derived earlier assuming a local 
current Ln.gran{?ian. For the reaction v+p-n + 
v/ith the kinematics we have chosen these involve cosine functions 
of higher rai-iltiples of 0 (dependence on 0 occurs through 
the ccalar product N.k which involves only Cos 0 ). 



ilowovfir, in n.nj:iiorical eval nations 
c()ni;r.U)iitionn li-on cooffioionto of 
mnli-lplon o Tho coeflioient 


we did not find any large 
terms involving larger 
of the additional Cos "j^ 


tona, fc,r enaiaple, hrinr;G in a nrultiolo 


nic 


Iv^ 


In the region 


o.i }K'>, I, )o Lin'i'gj m (.'11011113 ifl tronsfors to \/hich we restricted 
oui'S'jJ '.'■' js , oilii i.''i,''bor docjs nob becoine large enough for the 
Oos :;0 ton" to he important. 
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Tal'.lo ?.i Violation of lepton pair locality 


thcorcmn ior the i^rocess v+p — n + y+T 


X - Ag E" X 100 / ( )qq 

Valuofj for the photo]i energy Eq s-re chosen 
to ho at the middle of the permitted ranine 
\/ifch the cpocifiod Tallies of s and t 


E --- 30 OoV 


17 


23 


E 


23 


t in OoV^ 

-1 

-2 

-3 

-4 

-5 

in OoV 

4 *8 

5.0 

5.3 

5.5 

5.8 

X 

5.41 

0.70 

0.04 

0.04 

0.01 

]■: in Crc? 
u 

5.6 

5.8 

6.1 

6.3 

6 . 6 

X 

6.35 

0.8? 

0.18 

0,05 

0,02 

in GoV 

6.9 

7.2 

7.4 

7.7 

7.9 

X 

loV 

7.80 

1.01 

0.22 

0.07 

0.02 

''t in 'J-oV'’' 

-1 

-2 


-4 

-5 

k„ in OoV 

0 

6.9 

7.2 

7.4 

7.7 

7.9 

X 

14.23 

1.99 

0.48 

0.15 

0.06 

k^ in GeV 

13.6 

13.8 

14.1 

14.3 

14.6 


27.07 

3.73 

0.89 

0.28 

0.11 


50 
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Talilc 2 (contd.) 




’■o 

Go 7 16. 

? 

16.5 

16.7 

17.0 

17.3 


60 








29. 

k!0 

3.94 

CM 

o 

0.29 

0.11 



‘ 0 

:it3V 20. 

2 

20.5 

20.7 

21 .0 

21 ,3 


15 









X 

22. 

15 

2.32 

0 . 61 

0.17 

0,06 



in 

Go? 21 . 

5 

?l'.8 

22. 1 

22.3 

22.6 


80 









X 

16. 

64 

2,02 

0.41 

0.10 

0.03 



(2) Mn.sn of tlio scalar "boson 

l\ = 20. 

GeY 


E 

= 

50 GeV 







G 

in 

GevVl: ■ 

in GeY^ 

-1 

~2 

-3 

-4 

-5 



k 

in GeY 

13.6 

13.8 

14.1 

14.3 

14.6 


50 

0 

X 

15.23 

2.10 

0.50 

0.16 

0.06 



k 

in GcY 

16.2 

16.5 

16.7 

17.0 

17.3 


60 

0 

X 

16.42 

2.22 

0.52 

0,16 

0.06 




in GoY 

20.2 

20.5 

20.7 

21.0 

21 .3 


75 

0 

X 

12.46 

1.59 

0.34 

0.10 

0.03 

E 


75 GeY 







s 

in 

GovVt in Ge7^ 

-1 

-2 

-3 

-4 

-5 



k 

in GeY 

6.9 

7.2 

7.4 

7.7 

7.9 


25 

0 

X 

12.42 

1 .78 

0.44 

0.14 

0.06 



Ta])le 2 

(c 

.onid. ) 





Ir 

50 ” 

in 

G-gV 

13.6 

13.3 

14.1 

14.3 




24.61' 

3.58 

0.90 

0.30 


in 

G -7 

16.2 

15.5 

16.7 

17.0 

60 ^ 






< V. 


29 . 38 

4.26 

1 .07 

0.36 

i; 

75 ” 

in 


20 . 2 

20.5 

20.7 

21 .0 




55.65 

5.11 

1 .27 

0.42 

k. 

80 ° 

in 

GeV 

21 .5 

21 .8 

22.1 

22.3 


X 


37.2 

5.31 

1.32 

0.43 

k 

90 

in 

Gg7 

24.2 

24.5 

24.7 

25.0 


X 


58.76 

5.48 

1 .34 

0.44 

E 100 C-eV 






s in GoV'^/t in GoV^ 

-1 

-2 

-3 

“4 

1^0 

in 

GrOV 

24.2 

24.5 

24,7 

25.0 

90 

X 


59.20 

8.70 

2.21 

0.75 

k 

in 

GoV 

26.9 

27.1 

27.4 

27.6 

100 " 

X 


64.62 

9.45 

2.39 

0.81 

k 

125 

in 

GeV 

33.5 

33.8 

34.0 

34.3 


X 


70,35 

10.14 

2.53 

0.84 

k 

150 

in 

GoV 

40.2 

40.4 

40.7 

40.9 


X 


5 4* ♦ 4"^ 

7.67 

7.86 

0.60 



4-6 


CHAPTER - VI 
OOECLUSION 

‘in till;; final chapter wo siunniarize oar results and 
also oomT.'ionb on some topics of related interest. In section 
?, wo ooniiioiit on the posLiililtty of calculating violations 
of lc] 3 l;ou pair locality theorems in the gauge theory foriuu- 
latLoi'i o i“ liio Vector hoson mediated model of weak interactions. 
Viola!; ioas of lepton pair locality theorems hove" also heen 
coar.iiiored in connection v/ith the possible weak resonances 
anil heavy leptons. These are discussed in section 5. 

in the preceding chapters our emphasis has been on the 
importance oC lepton pair locality theorems in the attempt to 
build a complobe theory of v;eak interactions. Specifically, 
wc! v/oro fiOfic-'T/nod v-nth modolo of weak Interactions which 
involve orchango of two particles for the first order weak 
procor-f'na .-.nd o:c;iibit violations of the lepton pair locality 
tlu'orcran '•^von to Mio comparatively lower energy range in v/liich 
oul^y tlio lowv'.t Mi'din- weal!: process may dominate, for the 
C|uatiic‘l?.'..a h i. c roracti-on with a iiuoleon as the only final state 
hadron wo i'ound tir-.t th-' additional term with a hi{^er power 
of energy can contrihute 50 - 40 per cent or more to the 
cross sections expected from the current-current theory at 
energies much smaller than required for the production of the 
boson (Table 1). On the other hand, violations of the angle 


^7 


dri'jKiad'.'ii''.*! I'u-' to Icinematic reotrictioias seem to Toe 

Ycvy fUiial.’l. 

A.:- o'l-;’ v,<;3,.lbs :iO'“c ooncomed, tliese are to be 

Cvjii;'.i oc'ri’fi a.", ••■rt.iui too iu' iocvbive o.f tbo lac ^nitucle of the 
efJ'oct;;. Ti'i.!' i/' b* oaiiso iji calculating the semileptonic 
ro",<:'b iu!";'!, ’.vr,‘ hful to Ic'/cilnp come kind of approximation 
proco'iur^' f-'r tli- luttTrouic part, For tiio quasielastic neutrino 
Gcatl; rin/'' pT('Cc!jr v/o thus retained only the lowest order 
di'!./'r.'an .'U'd I’-'r Uin radiative neutrino scattering we assumed 
the rnenlved contribution mainly from the high 

moinf){rtur'i vu'.lon. As far as the neutrino reactions with more 
than one- hiulron in the final rotate were concerned vre were 
unab'i; to «fVolve a natisfactory techniq.ue for evaluating the 
violation:’.. 

A:: ro,';';rcio the radiative neutrino reactions, investi- 
gat-i.ons may not be ponoible in the first generation of 
neutritio ox]V;riniont.s since the amplitudes are of order Ge. 

But in addition to the interest in regard to our present 
study, tliio reaction will be of considerable importance on 
its own, Tiio radiative procoss is the simplest after the 
lov/OBt order weak process and the usefulness of the photon 
in probing tho vortices is considerable. The theorems 
concori'dng radiative neutrino reactions, therefore, are of 
conciderablo i^otential use bejrond the one they have been put 
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to in our invooti{satiori. The latter remark is in order 
since no a teat lor the scalar ho son mediated theories 
viol:''. i:i,o u’, rrp t>.,o hois and Treiman theorems wo-ll he presumably 
more* c.-aoi.ly ;',ti.i:ii nl than violations of the theorems for 
radia.tivo c.c.a.tt 'ring. 

6.2 LEPTOU i'AIH LOCALITY TIIEOEEIvK AhL THE GAUGE THEORIES 
OP 7/EAK I!!TERACTIOgS 

At j)T‘' ‘srnt considerable interest and enthusiasm have 
boon generated by the discovery that spontaneously broken gauge 
thoorieo oi’ tin; Yang-liiHs type are renormalizeible. In addi- 
tion tn providing a well-behaved theory of weak interactions, 
those thoori-.'D orfor nn elegant unification of weak and 
oioc i;rorn;igni‘tio interactions . 

An far ar- tiio topic of our immediate interest is 
cencemcid, iji thf.r:.,- theories the lowest order v/eak processes 
arc dii.,‘ to the- o-:':change of a sijigle vector boson and no 
viol, at lone of lh>.' lopton pair locality theorems of Pais and 
Troimai) 1 ordfir 0 or of tho theorems considered by us for 
radiative neutrino scattering to order Ge occur. Violations 
of tlscEH; theorems occur in higlicr orders due to the exchange 
of aji a’aUtlnn.aI neutral boson or a photon. Therefore, 
viol.'itionr. of tJieoo theorems are expected to be small. 

Hov.'fjv.'i’, the Gauge theories provide a framework for calculating 
higher order contributions which could not be meaningfully 
eva],uatcd in a simple minded vector boson theory. 



6.3 VIOMTIOMG OF LtTTOIf PAIR lOCAilTY IHEOEEl/IS DUE TO 
RB30!.AIiCE3 Ai.'i> [ISAVI lEPTOlTS 

Albrif’i'it and R.H, G-ood have considered 

resonance fomiatioii in high energy neutrino scattering. If 
a nrmtr i.ho-nunloon ronomnee is formed in the reaction 

+ n - p + 1*" , 

termn of rpto n.lxth power in the laboratory energy of the 
incidi'/nt nciitrino would bo present in the cross section- a 
clear rteviat.Lon from the 3q.uare dependence expected from a 
oimpln ourrcti'!-' a-r ;;t interaction. In the absence of any 
infurmtlon about t,ho coupling of such a resonance to the 
leptona and the nucleon, the importance of the terms with 
highior pov/f;!'!’!: of energy cannot be estimated, Albright and 
G-ood co'ncidcr the appearance of a Breit-Weigner resonance 
structure in the cross section the dominant feature of this 
type of non- locality. Further.^ differences in cotal cross 
section for - ‘.ri-io and antineutrino scattering o ff imaleons 
is expected. Both these features would of course Toe absent 
in the violations of lepton pair locality theorems due to a 
scalar boson mediated theory which we have discussed. 

Deviations from the explicit lepton variable dependence 

20 

of crono sections have also been considered by Albright who 
points out that apparent deviations from the implications of 
a local current Dagrangian may signal the presence of a i*apidly 
decaying heavy lepton coupling locally to the hadronic current 
in a fashion similar to the familiar leptons. 



Appendix A 

SCALAR BOSON LIE13IATED WEAK IITTERACTIOII THEORIES 
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Models of weak iiitera.ctions in v.iiicli tlie conventional 
weak interactions occur to tlie fourth order in an interaction 
mediated hy scalar hosons were suggested hy Kummer and Segre^, 

Such models were la,ter rediscovered and extended hy N. Christ"^* 

The interaction term vdiich consists of a product of two fermion 
fields and a spin zero field is an interaction of the first 
kind in the classification of Bogoliuhov and Shirkov^® and 
hence renormalizable . The couplings are written in a form which 
is invariant under chiral transformation on each of the familiar 
f-ermion fields like e, y , v , etc. In the limit in which 
the vortices are reduced to points, therefore, only a V~A 
form survives. These models v/ere most successful in obtaining 
the conventional effective lagrangian to order g'^ for the 
purely leptonic reactions. We consider here the y decay 

y~ e~ + V + V 

e y * 

The relevant part of the Lagrangian is (for consistency, 
we have taken the leptonic part also from the Gupta-Patil version), 

= g C I L^"(1- Y ) V + 2 L ~(1- Y.)!'’ ] (A1) 

l=e,y ^ l=e,y 5 a ^ ^ 

The matrix element for y"‘(p^) - v (p^) + is 
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T . 


xy. A _ Y*(-q_+p.)+M 

““TX f d ■''^(Pq) (1+Yc;) (1_Y;^) u(p^) 


.4 

i(2Tt)^ 


Y • (-q+q2)+M 

(“q+q2)'^ 


— |— --3- (I-Y5) u(q^) 7-5~^2 n ^n2 „2 


1-..— ^ 

(q-L)"-ir 


... (A2) 


4£ 


4 


l(2it) 


X ti(P2) Y (l-Y^)u(p^ ) u(q2) Y (1-Yj3)u(q^ ) /(q-p^ 


( 4-^2 ^(7 


C(q-P^)2-M2n [(q-q2)^-M^] C(q-L)W3(q^- 


,2 ..2 


2 tt 2 -f / 2 „2 • 


. .. (A3) 


In tlie integral only the part containing q^ q^ gives 
contribution to the required order. The integral of interest 
is, therefore , 

J ^ J lx % a'l-q. 

!3n-Pi)^-a2:i;(q-a2)2_j,2 j ^ „2) 

^ 2 2 - , , r lx '^a 

= 6 j X y chc dy dz j 

° L + 2q.p + s + is^"^ 

where q +2q.p+r;+ie = [) (q-p^ )'^-M +ie[I xyz + [_ (q~q2) +ie [] 

xy(l-z) + [ (q-L)^-M^+ie J 3:(l~y) + (q^~ v^+ie )(l-x) 

o 

= q +2q. C-Pi^cys -q23cy(l-z) -Lx(l-y) ] 

-M^x - y^(l-x) +m, ^ xyz +ni.^ xy(1-z) + tx(l-y) + ie . 

u e 
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Now 


/■ 


q.x 


r g 


( q_^+2q_.p+s+i€' ) 


12 


XcP 


Pg 

(p^-s) (p^-s)^ 


only coefficient of g has ternc to order 1/M'^. The 

Xa 


coefficient of 

. Xa 

• 2 1 

6 • / x^y dxdydz 

o 


in is 


[[M^'x +IIp^ xyz + qp xy(l-z) + Lx( 1 -y )^2 

Q P O 

+ y'^(l-x) - m xyz - m xy(l-z)-tz(l-y)3 


■i— r xy dxdydz + 0 ) 

2 L ^ T# J 


2 


ITI 

8M' 


rr + 0 ( 

nT./r<~ 


m'^ 


Substituting terms to order — w- in (A3) 

.4 


^fi = 


32ti:V 


u(p 2 ) Y (1- Y^) u(p^) u(q 2 )Yx (l-Y^) u(q^ 


where 


s 

Y'2 


^ U(P 2 ) Y^ (1- Y^) u(p^) u(q 2 ) Yx(1-Y^) u( q^ ) 


_£ 


4 


32Tr 




Therefore, to the lowest order in 


(A1 ) gives same 


matrix elements as the four fermion effective lagrangian. 


Apart from the usual leptonic interactions, corrections 
are expected to the anomalous magnetic moments of the charged 
leptons. The contribution to the anomalous magnetic moment 
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of th.G muon is 

If M > 1GeV 
present . 


(g~2), 



muon 

this is small enough to he unohsejn/ahle at 


Semileptonic weak interactions can also he described 
along similar linos. Here instead of completely specifying 
the hadronic weak currents, only the B^orken limit may he 
retained for the time ordered product of the hadronic scalar 
and pseudoscalar currents, whose commutators a-ro assumed to 
he the same" as in the quark model, A V-A form is thereby 
obtained for semileptonic reactions. 

However, in describing the weak interactions of hadrons 

the earlier versions ran into difficulties. ¥ith only one 
+ 

set of _ W ajid , parity and strangeness violations to 
order g can occur through a -* p + V/ - a. I'l. Christ 
introduces additional fermions and bosons so that the couplings 

p 

conserve stre,ngencss. But parity violations to order g 
cannot be as simpl/ dealt \;ith. Christ points out that the 
nature of the pax-ity violations also depends on the strong 
interaction Hamiltoiiioji and one may have situations where the 
parity violations may be reduced to within bhe experimentally 
acceptable levels. 

Patil and Vaishya^ pointed out that these difficulties 
can be overcome by coupling the interm-ediate bosons to the 
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leptons and the hadrons with different coupling strengths. 

However, the scalar and pseudoscalar currents were assumed 
to transform like a SU(3) triplet and this implies one needs 
exotic hadrons. 

The ncatefit version of a scalar boson mediated w'eak 
interaction theory, as mentioned in Chapter I, is due to 
G-upta and Patil^. Here the hadronic scalar and pseudoscalar 
currents are assumed to have octet transformation properties. 
Further, the neutral intermediate boson is identified with a 
combination of the neutral pseudoscalar mesons 
and X°. Gupta and Patil, therefore, have a model with 
'less than the minimum’ number of additional particles. The 
lagrangian of this model has been given in Chapter I. We 
give here some further details concerning the model. 

A universality criterion fixes the various hadronic 
and leptonic coupling constants in the model in terms of 
a single undetermined coupling constant, which can be fixed 
in terms of the fermi coupling constant by considering the 
V. decay. The axial vector and vector charge densities 
generated by commutation among the scalar and pseudoscalar 
currents are identified with charge densities of the Y-A currents 
occurring in the effective current-current Lagrangian. Thus 
the charges corresponding to the leptonic currents generate 
the usual leptonic weak charge if g* = g and the commutators 
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the hadronic scalar and pseaidoscalar c^^rr£:lts give rise 
to can Toe identified v/ith the hadronic charges of the Y and A 
Currents occurring in tlie effective v/eak lagraiigian if 

S+ g„ = g^- 

The reqrireTunit shat the :le^^tral ha'lrcnic currents he 
suppressed to wiwun experimental limits gives limits on the 

—j— **• 

mass M of the scalar hoson. Por the decay K -ji; vv 
the ratio calculated is 

R (K^ - v5 ) Cos^ 0 

^ _/^_+ o + \ ”2" 

R(K - a e Vg) 

~5 

With the experimental hound of r < 2.4- x 10 one obtains 
M < 20 GeV. 

Further parity violation in ep and yp scattering 

is expected in this model. In the leading 'Bjorken limit the 

contribution is zero since the neutral intermediate bosons 

are thoir own ar.tiparticles. The contribution is estimated 

v/ith a nucleon intermediate sto.te. For momentum transfers 

2 

of = -m,-r^' thin is of the order of — 5— In (^) 

200Ii- 

which is small enough to be unobservable at present with the 
expected values of M. 

Gupta and Patil suggest that improvement of the experi- 
mental bounds may provide a test for their model. Further 
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direct test will involve production of massive leptons and 

the scalar bosons for which the suggested reactions are 

+ + 
pp - 1 1;^ 

and pp -*■71'*' ¥~ 

The heavy lepton v/i]l prQba,bly decay throng 

+ + 

L^“ - 71:° 1 " 

0 i + 

which may be distinguished from pp ^ 71 1 1 by looking 

at mass distribution or from lepton polariso.tion. The boson 
may similarly decay through - p n 

- 1 

The decay rates for the Yf are much smaller tjian for the 
heavy lepton and tests for its detection may, therefore, be 


easier 



Appendix B 

KIIEiaTICS .\1ID PHASE SPACE 
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In tiiio appendix \re give kinenafcio and pliase space 
details for expressions in Gliapters II and IV. 

B.1 KIM/IATIC DETAILS FOR CHAPTER II 

We derive here expressions for the corupononts of the 
four vectors iiivolved in obtoAning the lepton pair locality 
theorems of Pais and Treiraan. As mentioned in the text, we 
work in the laboratory frame. Labeling of the vo,rious vectors 
and choice of kinematic variables is as in the text. Foux 
momentum conservation given by q.^ + P = Ho + P v/hore P 


P = +••• + p , is used at various stages. 


^ ) Compone nts of L 
^0 “ *120 ~ ‘^lo 


(•P-P), 






L^ = ( L^^- - t)^/^- 




L-1 = L 2 - 0 


= Hoo + 


= 2<lio + \ 


2E + L, 


H.L = ( Hg 7-1 ) ' (I 2 “ ^1 ^ 


-ITnylj^ + U 1 — ni-J ^ 

3 5 00 1 
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4~ ( -m. ^ + E I ) 

L~ ^ 1 0 0^ 


(T^ - m/t)''' 


-m 2 + (2B + 4 


Y \ Y 

% ~ 




( + 2Emj.Y - ) 


= n Cos 0 
n olDtained from 


i.e. ,1L 


n Sin 0 
-t + 2ni2_^ 

- T? - -t + 2m^‘ 


n2 = t - 2m,2 + h/ - (V + “o^o)" 

= t - _ > . |- tu^2 + „^4. _ 2n^2 ^ 

(Y -tm^T ) 


B.2 PHASE SPACE EXPRESSIOITS POR CHAPTER II 


The reaction is V 2 _( q.-| )(or v + p(p) a(P) + l’^(q.2)(o3: 1 ) 


1^1 “^2 


= (‘l2oRaD- 

^ ^ TETil 


(2io)^2p^ 


uv 


X (2-n:)'^ 6(p+q^ -P-q2^ 




4mj^yE( 2 % ) ^ 


f L. f ds 6(p2-s) d^P 5(P-p^..~p^) 

E* 


(2Tt)^2p^ 


^uv 6(p+q^-P-q2)(2TT)'^ ' 
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m. 


1 




4 mj^E { 2 %) 


3~/ f ds 6(p2-s) 6(p+q^-P-q2) 


vdiore J 


uv 


/ 


d-'p. 


(27i:)'^ 2p 


1o 


j- 

( 2 ix)^ 2 p, 


0 T 

yv 


( 2 n:)^ 6 (P-p^...p^) 

X T, 


yv 


no 


y V 


into/prating ovor P 



4 m,TE( 2 % ) 


da 


p 

f ds 5( [.q^+p-q2 1 -s) x 


yv 


111 


1 


aGdtd 0 


4 nijjE( 271 ) 


/ 


d^do _ o 

^ 5 l_t+mj^ + 2 nij.(E-E’ )-s J 


E’ 


5C t-2E'(E'-E) +2 Cos 0^ lq 2 ll '3 + mq^ 115(03-0) 

P 2 2 

since t = (q 2 “'ll) " -2q-| .92 ~ 2 q 2 * )““il = ^ 920^*0 

2 

L^— 

= 2B'(B'-E) - 2 Cos 0^ 1 92 1 I 3 - 

1 1 

also since = E 2 = 0 (9-j)-| = ( 92 )i = 2 ' ^ ‘dos 0 = ^ 


( 9 - 1)2 ( 12^2 ^ ^ Sin 0 = ^ 1^2 


0 = 0e 

„J :0 ^ ^ J- j- I g 6C s-m/t-2nij,(E-E' ) 

dsdtd 0 4m^E(27i)d e c e im 

6i:t-2E»(E'-E) + 2 Cos 0 ^ 1921^3 + I 5 ( 0 - 0 q) 


integrations over E' , 0., 0. are now performed. 

^ t: 
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^ J T-VV 

1 aSTt^in^L^E 


B.3 PHASE SPACE EXPKESSIOITS EOR OHAPPER IV 
V]_(ci^) + p(p) a(P) + l'*'(q2) + 


J' 1 U. IV 

2ei,t 2E (27t)^ E (2'n:)^2k (27i:)^2p 


d-^q,^ m. 


1 d’k 




d^p^ 


(271)^2 


(271)"^ 6(q. + P-E-P....-P ) S |T| 
' spins 


-Y 2 = 


'5 

a-, d-^q^ d-^k o a , 

jl / — -2^ / dw 6(P -w) d^T SCq^+p-k-qg-P)! 


(27 i)^, 8 i%E e' 


where I 


(27t)^2p^Q 


d^p 2 

", '3^ 6(P-p-|.. -Pj^) 

(2ii:)^2p^o 


performing integration over P 

m, d^q„ d^k ^ 

= 1 f dw — 5lI(q-,“q2-^~P) “^11 ^ 

(2%r 8nj,jE ^ 

(p-k-L)^-w = mj^r^ + t -2m^LQ~w-2kQ + P 3 Cos 9^) 


integrating over 9^ 

-K 

mp d-^q^ 

(2n)^ 8m,^ e' 
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!incG 


(lc+p)2 = (p-I)^ = + t + 2iii,.(E-3' ) 


n 

t = =“2q^*q.2 = 


2^20 2|q“ 2 ( q,-) y ^jj j 


8,lso since = Ig 


0 


1 M 

2 "'1 


1 

2 ^ 


Ho 


: 2E'(3 --E)-2 Cos IqplL^ 

(q-i )•! = ^ i ^ 

( qi ) 2 ~ (qp^p — ■g- n Sin 0 


0. 


0 


dcr 

dwdsdtdic 


ni-. 


oV ,o \r^ J' II2I ®e 'l®e ^ 

0 ^ -2L^(2tc) SiiijjE 


X 6 


a-mjj'^-t-2iii^j(E-E' ) 


■w 


t~2E'(E -E)+2 Cos GglqglH^ 


6(03-0) 


Integration over 0^^ gives a 2% factor. Integrate 

over E' 5 9 and 0 using tlie first, second and third delta 
0 0 

functions . 


d 0 


dsdtdvv'dkQd0 


= ( 


m. 


1 


-1 2Qitmjj^I^^E 


) I 


0 Integration 


In performing integration over 0 to oTotain the energy 

mw 


Q ^ Xii w g jjlw 

dependence theorem, one has integrands of the form - 
where m and n are integers such that m + n < 5. 



Appendix C 

APPEl'JDIX FOR CHAPTER III 


In this section v/e perform a more careful evaluation 

of the integrals of Chapter III. In particular vre show that 

2 

expansion in in\rerse powers of M is permitted when 
PiUjj-E < We consider the integral occurring as the coeffi- 

cient of g , in I ^ . The coefficient of the second term 
in I^p^ may be similarly evaluated. 
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Logaritlirnic expansions in both 1 : 6 x 1210 are periiiiited since 
IT.p^ II.p^x 


1 > — 5^ > — o 

i}.i B.r 


for 0 < X < 1 
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I , is retained to — r terms in our calculation, 
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Appendix D 

VIOLATION 01 THE AITG-IiE THEOREM IH v +p->n+/4- n 

In this appendix we obtain expressions for violation 
of the angle theorem for a simple inelastic process 
V (q^) + p(p^) - n(p 2 ) + ’^(1^)* Kinematics is along 

the lines described in Chapter II. The hadronic vector Q 
of Chapter II is identified v/ith k. An additional kinematic 
variable, in addition to those of the quasielastic reaction, 
is chosen to be 9, the angle between k and the z axis. 


As mentioned in the text, violation of the theorem 
comes only from Figure 2(c). The amplitude for this is 
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is obtained by replacing by in o; 

1 

the quasielaotic reaction* Keeping teriiiG to order “x ? 


p U.(p.-k) rjy I 

'■y S„ n ( 1 + “■ — ■‘Ty — ) + 

L TJA J 


My (P.~1C); 
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L 6ivr 


Sciiiaring the amplitudes additional terms of Cos 30 are 
obtained from 1 ^ ^a^c ^ where 


Spins 
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As an estimate of the Yiolation of the angle theorem we 
calculo.ted R defined as the ratio of the coefficient of 
Cos 30 term in ■■ as calculated in the scalar theory 

to that of the Cos 20 torn with a simple current- current 
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wliare + o-t . ^ 

For a scalar boson of mass il = 10 C-oV, this giYes at 
S = 30 G-oV for specific Ya^.r.cc cC s and t mentioned, tlie 
folio v/ing voJ-U 0 B . 

t = -2 GeY^ t = -2 GoY^ t = -40 GeY^ 

s = 40 GeY^ s = 2 GeY^ s = 2 GeY^ 

R X 100 < 0.01 2.5 < 0.1 

This my be compared with the value 37.5 for violation 
of the energy theorem with the same mass and laboratory energy 
as listed in Table 1 . 
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